The three-dimensional solution structure of the complex between calcium-bound calmodulin (Ca2+-CaM) and a 26-residue synthetic peptide comprising the CaM binding domain (residues 577 to 602) of skeletal muscle myosin light chain kinase, has been determined using multidimensional heteronuclear filtered and separated nuclear magnetic resonance spectroscopy. The two domains of CaM (residues 6 to 73 and 83 to 146) remain essentially unchanged upon complexation. The long central helix (residues 65 to 93), however, which connects the two domains in the crystal structure of Ca2+-CaM, is disrupted into two helices connected by a long flexible loop (residues 74 to 82), thereby enabling the two domains to clamp residues 3 to 21 of the bound peptide, which adopt a helical conformation. The overall structure of the complex is globular, approximating an ellipsoid of dimensions 47 by 32 by 30 angstroms. The helical peptide is located in a hydrophobic channel that passes through the center of the ellipsoid at an angle of~~45°w ith its long axis. The complex is mainly stabilized by hydrophobic interactions which, from the CaM side, involve an unusually large number of methionines. Key residues of the peptide are Trp4 and Phe1 7, which serve to anchor the amino-and carboxyl-terminal halves of the peptide to the carboxyl-and amino-terminal domains of CaM, respectively. Sequence comparisons indicate that a number of peptides that bind CaM with high affinity share this common feature containing either aromatic residues or long-chain hydrophobic ones separated by a stretch of 12 residues, suggesting that they interact with CaM in a similar manner.
The three-dimensional solution structure of the complex between calcium-bound calmodulin (Ca2+-CaM) and a 26-residue synthetic peptide comprising the CaM binding domain (residues 577 to 602) of skeletal muscle myosin light chain kinase, has been determined using multidimensional heteronuclear filtered and separated nuclear magnetic resonance spectroscopy. The two domains of CaM (residues 6 to 73 and 83 to 146) remain essentially unchanged upon complexation. The long central helix (residues 65 to 93), however, which connects the two domains in the crystal structure of Ca2+-CaM, is disrupted into two helices connected by a long flexible loop (residues 74 to 82), thereby enabling the two domains to clamp residues 3 to 21 of the bound peptide, which adopt a helical conformation. The overall structure of the complex is globular, approximating an ellipsoid of dimensions 47 by 32 by 30 angstroms. The helical peptide is located in a hydrophobic channel that passes through the center of the ellipsoid at an angle of~~45°w ith its long axis. The complex is mainly stabilized by hydrophobic interactions which, from the CaM side, involve an unusually large number of methionines. Key residues of the peptide are Trp4 and Phe1 7, which serve to anchor the amino-and carboxyl-terminal halves of the peptide to the carboxyl-and amino-terminal domains of CaM, respectively. Sequence comparisons indicate that a number of peptides that bind CaM with high affinity share this common feature containing either aromatic residues or long-chain hydrophobic ones separated by a stretch of 12 residues, suggesting that they interact with CaM in a similar manner.
Calmodulin (CaM) is a ubiquitous Ca2+ binding protein of 148 residues that is involved in a wide range of cellular Ca2+-dependent signaling pathways, thereby regulating the activity of a large number of proteins including protein kinases, a protein phosphatase, nitric oxide synthase, inositol triphosphate kinase, nicotinamide adenine dinucleotide kinase, cyclic nucleotide phosphodiesterase, Ca2+ pumps, and proteins involved in motility (1) . Binding SCIENCE * VOL. 256 * 1 MAY 1992 domains for CaM have been isolated from a number of CaM-dependent enzymes and have been shown to comprise peptide sequences with a high propensity for helix formation (2) . In addition, both circular dichroism (3) and nuclear magnetic resonance (NMR) (4, 5) (8) and small-angle x-ray and neutron scattering (9, 10) indicate that, upon complexation with certain target peptides, CaM adopts a globular conformation. The structural mechanism whereby Ca2+-CaM recognizes its target sites has been the subject of considerable interest and debate, and a number of models for a Ca2+-CaM-peptide complex have been proposed (11, 12) . With the advent of a panoply of three-dimensional (3D) and 4D heteronuclear NMR experiments (13) , it has now become possible to answer this question directly by solving the structure of a complex of this size (-19.7 kD) in solution (14) . In (19, 20) and 4D "3C-'3C-separated ( Fig. 1 (27) were calculated with the hybrid distance geometry-simulated annealing method of Nilges et al. (28, 29) Fig. 3A .
The backbone atomic rms differences between the amino-(residues 6 to 73) and carboxyl-(residues 83 to 146) terminal domains of the Ca2+-CaM-M13 complex and the corresponding residues of the rat Ca2+-CaM x-ray structure (30) The major conformational change in Ca2+-CaM that occurs upon binding M13 involves the dissolution of the long central helix (residues 65 to 93) observed in the x-ray structure into two helices (residues 65 to 73 and 83 to 93) connected by a long flexible loop (residues 74 to 82), thereby enabling the two domains to come together to grip the peptide rather like two hands capturing a rope. The hydrophobic channel formed by the two domains is complementary in shape to that of the peptide helix. This structure is illustrated by the schematic ribbon drawings shown in Fig. 4 , which also serve to highlight the approximate twofold pseudo-symmetry of the complex. Thus, whereas the two domains of CaM are arranged in an approximately orthogonal manner to each other in the crystal structure of Ca2+-CaM (6), in the Ca2+-CaM-M13 complex they are almost symmetrically related by a 1800 rotation about a twofold axis. A large conformational change also occurs in the M13 peptide upon complexation from a random coil state (4) to a well-defined helical conformation. Indeed, the helix involves all of the residues (3 to 21) of M13 that interact with CaM, whereas the amino (residues 1 and 2) and carboxyl (residues 22 Fig. 4A and the right wall of the channel in Fig. 4B are formed by helices V (residues 83 to 93) and VIII (residues 138 to 146) and the mini-antiparallel 1 sheet comprising residues 99 to 101 and 135 to 137, all from the carboxyl-terminal domain. The two domains of CaM are staggered with a small degree of overlap such that the hydrophobic face of the amino-terminal domain mainly contacts the carboxyl-terminal half of the M13 peptide, while the carboxylterminal domain principally interacts with the amino-terminal half of M13 (Fig. 4A) .
The overall Ca2+-CaM-Ml3 complex has a compact globular shape that is almost (12) . In addition to hydrophobic interactions, numbering) can be cross-linked to Met'24 ptide there are a number of possible electrostatic or Met'44 of the carboxyl-terminal domain id at interactions that can be deduced from the and that residue 13 of the peptide can be s. In calculated SA structures. Putative interac-cross-linked to Met7' of the amino-terminal is of tions exist between the Arg and Lys resi-domain (13, 35) , is readily explained by the Dy 30 dues of M13 and the Glu residues of CaM, structural finding that the amino-terminal ns is and these are also included in Fig. 2 . Glu"l half of the peptide interacts predominantly f the and Glu14 in helix I are within 5 A of Lys5 with the carboxyl-terminal domain while iertia and Lys6 of M13; Glu83, Glu84, and Glu87 the carboxyl-terminal half of the peptide x-ray in helix V of CaM are close to Lys'9, Arg16, interacts predominantly with the amino-:1.58 and Lys18, respectively, of M13; and Glu127 terminal domain (Figs. 2 to 4) . The obserziaM-in helix VII of CaM is close to Arg3 ofM13. vation that at least 17 residues of the M13 lated Correlation with biochemical data. The peptide from either skeletal muscle or 13 is present structure explains a number of in-smooth muscle are necessary for high-affinistent teresting observations previously reported. ity binding (36, 37) is readily explained by ation Studies of backbone amide exchange be-the intimate interactions of the carboxylboth havior have shown that upon complexation terminal hydrophobic residue (that is, ering with M13, the amide exchange rates of Phe'7) with the amino-terminal domain of with residues 75 to 79 are substantially increased CaM by which the peptide is anchored. (33) . Prior NMR studies on Ca2+-CaM Finally, the structure accounts for experistabi-indicate that the long central helix is al-ments in which cross-linking of residues 3 :tions ready disrupted near its middle (from Asp78 and 146 of CaM, mutated to Cys, has no ularly to Ser8`) in solution (16) and that large effect on the activation of MLCK, even if and variations in the orientation of one domain the central helix is cleaved proteolytically ichor relative to the other occur randomly with at Lys77 by trypsin (9) . Thus, whereas the tes of time (7) . The further disruption of the Ca carbons of the residues 3 and 146 are 37 nino-central helix upon complexation seen in A apart in the x-ray structure of Ca2+-1, re-the present structure is manifested by the CaM, they are only -20 A apart in the :tions increased amide exchange rates and sup-solution structure of the Ca2`-CaM-M13
.dues, ports the view of the central helix serving as complex, which is close enough to permit A, in a flexible linker between the two domains. cross-linking to occur. )oxyl-Similarly, the present structure explains the
Comparison with previous models. It is et44, finding that as many as four residues can be of interest to compare the present structure n the deleted from the middle of the central helix of the Ca2+-CaM-M13 complex with the L, and without dramatically altering the stability class III model proposed by Persechini and iched or shape of the Ca2+-CaM-M13 complex Kretsinger ted by a stretch of 12 residues that correspond to Trp4and Ser8', whereas in the solution structure it is ,rally hydrophobic residues at positions equivalent to Phe b --model and solution structures are superimposed, the atomic rms displacement between the amino-terminal domains of the two structures is -8 A. As a consequence the width of the channel is a little wider and the two domains are slightly more separated in the model than in the solution structure.
An alternative model has also been proposed by O'Neil and DeGrado (12) . As in the previous model, a kink was introduced by altering the +,+ angles of Ser8t. Although the orientation of the peptide in this model, based on the results of photolabeling studies, was correct, only a relatively small distortion was introduced in the central helix so that the complex retained to some degree a dumbbell shape as opposed to the globular shape observed in the present structure, and does not possess a welldefined hydrophobic channel.
Implications of the structure. A large body of experimental data shows that CaM binds to numerous proteins whose binding domains exhibit a propensity for a-helix formation (2) . A comparison of these sequences reveals little homology. Nevertheless, many of the very tightly binding peptides (K., 2 5 x 107 M-l) have the common property of containing either aromatic residues or long-chain hydrophobic residues (Leu, Ile, or Val) separated by 12 residues (Fig. 5 ). In the case of M13, these two residues are Trp4 and Phe'7 which are exclusively in contact with the carboxyland amino-terminal domains of CaM, respectively (Fig. 2) . Given that these two residues are involved in more hydrophobic interactions with CaM than any other residues of the peptide (compare Figs. 2 and 3B), it seems likely that this feature of the sequence can be used to align the CaM binding sequences listed in Fig. 5 Fig. 2 ).
In addition, there are no acidic residues present that would result in unfavorable electrostatic interactions with the negatively charged Glu residues on the surface of CaM (compare with Fig. 2 ). The minimum length of peptide required for high-affinity binding to Ca2+-CaM is defined by the 14-residue mastaporans, which comprise the two hydrophobic residues at the amino and carboxyl termini (Fig. 5) and have approximately the same equilibrium association constant (Kass This structural alignment also predicts that a peptide stopping just short of the second hydrophobic residue of the pair (that is, the residue equivalent to Phe'7) would only bind to the carboxyl-terminal domain and that the resulting complex would therefore retain the dumbbell shape of Ca2+-CaM. This is exactly what has been observed by small-angle x-ray scattering with two synthetic peptides, C24W and C2OW (Fig. 5) , which comprise different portions of the CaM binding domain of the plasma membrane Ca2+ pump (38) . The complex with the C24W peptide that corresponds to residues 1 to 24 of M13 and contains a Trp at position 4 and a Val at position 17 has a globular shape similar to that of Ca2+-CaM-M13. The complex with the C2OW peptide, on the other hand, which corresponds to residues -4 to 16 of M13 and therefore lacks the carboxyl-terminal hydrophobic residue of the pair, retains the dumbbell shape of Ca2+-CaM (38) (37, 39) . Clearly, other types of complexes between Ca2+-CaM and its target proteins are possible given the inherent flexibility of the central helix (7, 16, 33 (43) , the CaM binding sequences do not have the same spacing of hydrophobic residues seen in M13 and the other sequences listed in Fig. 5 , and, in addition, CaM kinase II is not susceptible to proteolysis in the absence of phosphorylation (44) 
